1. Introduction {#s1}
===============

Inflammatory bowel diseases \[IBD\], such as ulcerative colitis \[UC\] and Crohn's disease \[CD\], are chronic intermittent diseases that lead to structural damage of the bowel wall. In UC, the inflammation is limited to the mucosa and extends from the rectum proximally. CD can be located in any part of the gastrointestinal tract and is characterised by transmural inflammation and complications.^[@CIT0001],[@CIT0002]^ The aetiology of IBD remains unknown; however, the current paradigm states that genetic susceptibility and environmental factors play roles in triggering an inappropriate mucosal immune response.^[@CIT0003]^

The current treatment of IBD includes glucocorticoids, 5-aminosalicylic acids, immunosuppressants, anti-tumour necrosis factor \[anti-TNF\] agents, the anti-integrin antibody vedolizumab, and the interleukin \[IL\] 12/23 antibody ustekinumab.^[@CIT0004]^ Although the introduction of anti-TNF agents has improved IBD treatment options importantly, loss of response is frequent and the need for surgery remains high.^[@CIT0005],[@CIT0006]^ Promising new drugs, such as antibodies against the α4β7 integrin \[vedolizumab\] and against mucosal addressin cell adhesion molecule-1 \[MadCam-1\], are examples of new therapeutic opportunities aimed at inhibiting leukocyte recruitment in the intestine.^[@CIT0007]^ Ustekinumab, a human monoclonal antibody targeting the p40 subunit shared by IL12 and IL23, has demonstrated efficacy in recent phase 3 studies in CD.^[@CIT0008]^ The antibody has been approved recently by the Food and Drug Administration \[FDA\] and the European Medicines Agency \[EMA\] for the treatment of CD. However, despite these therapeutic developments, immunogenicity will continue to be a downside of therapeutic antibodies, besides the fact that they are currently only given by parenteral administration.

Janus kinase \[JAK\] inhibitors are small molecules that are currently under development for the treatment of several immune diseases including psoriasis, rheumatoid arthritis \[RA\], alopecia areata, and IBD.^[@CIT0009]^ In 2012, tofacitinib \[Xeljanz^©^, CP690,550, Pfizer, New York\] was the first JAK inhibitor which was granted marketing authorisation by the FDA for the treatment of RA. The benefit/risk evaluation led to a non-approval of tofacitinib for RA and psoriasis by the EMA, but the application is currently being reviewed. Tofacitinib is a pan-JAK inhibitor, targeting all JAK family members. This has raised concerns regarding side effects and safety profile, and more specific inhibitors only targeting single JAKs are currently under development for IBD. These include filgotinib \[GLPG0634, Galapagos, Mechelen, Belgium\], JNJ-54781532 \[Johnson and Johnson, New Brunswick, NJ, USA\], and ABT-494 \[Abbvie, Chicago, IL, USA\].^[@CIT0013],[@CIT0014]^ The efficacy of both the pan-JAK inhibitor tofacitinib and the selective inhibitors in the treatment of IBD is currently under investigation in clinical trials.

In order to understand the potential of JAK inhibitors as novel therapeutic agents for IBD, it is important to understand how they target cytokine signalling. We will review the available evidence on in vitro and in vivo data and clinical trial data in order to address two relevant research questions: 1\] how does JAK inhibition affect the immune process relevant to the pathogenesis of IBD; and 2\] is there a rationale for specific JAK inhibition in the treatment of UC and/or CD?

2. The JAK-STAT signalling pathway {#s2}
==================================

The Janus kinase family is constituted by four distinct members: JAK1, JAK2, JAK3, and tyrosine kinase 2 \[TYK2\]. The kinases were identified between 1989 and 1993 and named after Janus, the two-faced Roman god of gates and doorways, because these molecules have both a catalytic and a pseudo-kinase domain.^[@CIT0015]^ JAKs are located at the cytoplasmic tail of various cytokine receptors, and are activated upon receptor-ligand interaction. Due to the kinase activity, JAK activation results in auto-phosphorylation as well as phosphorylation of the cytokine receptor chains, and the combination of JAKs and the receptor form specific binding sites for one or more members of the STAT \[signal transducer and activator of transcription\] family.^[@CIT0013],[@CIT0019]^ In turn, the STAT molecules are activated, form homo- or heterodimers, and translocate to the nucleus where they bind to DNA at the level of promoter regions that modulate transcription \[[Figure 1](#F1){ref-type="fig"}\].^[@CIT0020]^ Different cytokines signal through different receptors, although many share common subunits. The composition of the receptor determines the specific JAKs activated upon cytokine binding, and in combination the receptor and JAK define which of the seven described STAT family members are activated, resulting in different JAK-STAT activation patterns in response to each cytokine. These activation patterns have been reviewed extensively elsewhere.^[@CIT0021]^

![The JAK-STAT signalling pathway. Many cytokines important in the pathogenesis of inflammatory bowel disease \[IBD\] signal via the JAK-STAT pathway. Cytokine signalling induces phosphorylation of JAKs, which phosphorylate STAT proteins. STAT proteins form homo- or heterodimers and migrate into the nucleus where they activate transcription of inflammatory cytokines. JAK inhibitors are new therapeutic agents currently being investigated in clinical trials in IBD. First-generation JAK inhibitors \[e.g. tofacitinib\] target multiple JAKs, whereas second-generation JAK inhibitors \[e.g. filgotinib\] selectively target one JAK.](jjx00301){#F1}

3. IBD-related cytokines targeted by JAK inhibition {#s3}
===================================================

JAK inhibitors interfere with a number of key pro-inflammatory cytokines involved in the pathogenesis of IBD \[[Figure 2](#F2){ref-type="fig"}\]. In CD, the pathogenic cytokine excess is attributed to activation of antigen-presenting cells and T helper \[Th\] 1 cells, an interaction that is strongly regulated by IL12 and IL27.^[@CIT0024]^ IL12 plays a role in a myriad of immune signalling routes, including those involved in differentiation of naïve CD4^+^ T cells into interferon \[IFN\]γ-producing Th1 cells. Under Th1 polarising conditions, IL27 activates IL2-mediated clonal expansion of Th1 cells, contributing to the magnitude of this immune response. IL12 signals via JAK2-TYK2 activating STAT4, whereas IL27 signals via JAK1-JAK2-TYK2 activating STAT1-STAT3.

![Overview of cytokines signalling via the JAK-STAT pathway. JAK inhibitors interfere with a number of key pro-inflammatory cytokines involved in the pathogenesis of inflammatory bowel disease \[IBD\]. IFN, interferon; IL, interleukin; GM-CSF, granulocyte macrophage colony-stimulating factor; OSM oncostatin M; GH growth hormone; EPO erythropoietin; TPO thrombopoietin. Adapted with permission from Rawlings *et al*., *J Cell Sci* 2004;**117:**1281--3.](jjx00302){#F2}

In UC, lamina propria T cells produce the Th2-type cytokines IL4, IL5, and IL13. The differentiation of naïve T cells into Th2 cells is mediated by IL4, signalling via JAK1--JAK3 and activating STAT6. IL5; signalling via JAK2 and activating STAT3-STAT5-STAT6, is a key mediator in eosinophil activation and promotes B cell growth. IL13 promotes fibrosis and induces apoptosis and degradation of tight junctions in intestinal epithelial cells, leading to ulceration.^[@CIT0027],[@CIT0028]^ IL13 signals via JAK1-JAK2-TYK2 leading to activation of STAT6. In both CD and UC, increased production of Th17-cell associated cytokines is evident. Naïve T cells differentiate into Th17 cells in presence of cytokines such as IL6 and tumour growth factor β \[TGFβ\] and are further stabilised by IL21 and IL23. Th17 cells may play a pathogenic role in colitis, producing IFNγ as well as IL17A, IL17F, and IL22. In the context of JAK inhibition, it is important to realise that IL6, IL21, and IL23 all signal via the JAK-STAT pathway. Hence, inhibiting JAK2-TYK2-mediated IL23 signalling could hypothetically prevent pathogenic Th17 differentiation.^[@CIT0029]^

The role of the cytokines produced by Th17 cells in colitis is not clear-cut and may depend on the tissue environment. IL17A increases the release of pro-inflammatory chemokines, cytokines, and other mediators such as matrix metalloproteinases and granulocyte-colony stimulating factor.^[@CIT0030]^ Conversely, a protective role for IL17A in colitis has been described, demonstrated by the development of an aggressive inflammatory disease after adoptive transfer of IL17A knockout CD45RB^high^ T cells in a T cell transfer model for colitis.^[@CIT0031]^ Indeed, previous trials using IL17-blocking antibodies for the treatment of Crohn's disease showed disease worsening rather than improvement.^[@CIT0032],[@CIT0033]^ Data on the effect of JAK inhibition on IL17 production are scarce and mainly stem from murine studies. In a more tolerant environment containing IL6 and TGFβ, JAK inhibition resulted in an increase in IL17A-producing Th17 cells. In contrast, under more pathogenic conditions \[addition of IL6 and IL23\], the percentage of IL17A-producing Th17 cells decreased dramatically. This suggests that, depending on the micro environment, JAK inhibition can exert different effects.^[@CIT0034]^

Another dual role has been described for IL22, signalling via JAK1-TYK2. Inhibition of IL22 activity could have anti-inflammatory effects by decreasing transcription of IL8 and TNFα via STAT3. In contrast, inhibiting IL22 via JAK1-TYK2 might also interfere with intestinal epithelial cell homeostasis and tissue healing.^[@CIT0035]^ Altogether, it is evident that inhibition of JAKs affects a variety of immune processes relevant to the initiation and perpetuation of IBD, from tissue destruction by Th17-asscociated cytokines to the secretion of pro-inflammatory cytokines produced by lamina propria T cells.

4. Lessons learned from animal and human mutations in JAK-STAT proteins {#s4}
=======================================================================

Genome-wide association studies have identified single-nucleotide polymorphisms \[SNP\] coding for JAKs and STATs, associated with genetic susceptibility for IBD. Examples are polymorphisms in JAK2, TYK2, STAT1, STAT3, and STAT4. For TYK2, an SNP resulting in a loss of function is associated with a decreased risk for the development of UC.^[@CIT0036],[@CIT0037]^ Conversely, a JAK2 SNP associated with increased risk for development of both UC and CD has recently been shown to be a gain of function polymorphism. ^[@CIT0038]^ In addition many SNPs in cytokines signalling via the JAK-STAT pathway have been identified, such as IL12B and IL23R. This indicates the importance of the JAK-STAT pathway in the pathogenesis of IBD and supports the rationale of targeting this pathway.^[@CIT0039]^ An overview of human gain- and loss-of-function mutations has been described elsewhere.^[@CIT0040]^ The immune response deficits associated with those mutations show phenotypic similarity among murine and human abnormalities, indicating that the JAK-STAT pathway is largely conserved.

Murine JAK1 deficiency is characterised by a general unresponsiveness to type II cytokine signalling and impaired lymphoid and neuronal development, leading to perinatal death.^[@CIT0041]^ In humans, loss- or gain-of-function JAK1 mutations have not been described. JAK2-deficient mice fail to respond to erythropoietin, interleukin 3 and thrombopoietin, also leading to embryonic mortality. However in an inducible Jak2V617F knock-in mouse, all major features of human polycythaemia vera were observed.^[@CIT0042]^ In humans, a loss-of-function JAK2 mutation has not been described; however, a gain-of-function mutation accelerating JAK2 signalling causes myeloproliferative disorders such as polycythaemia vera, essential thrombocytosis, and primary myelofibrosis.^[@CIT0043]^ JAK3 deficiency causes a reduction of thymocytes as well as severe B and T cell lymphopenia in mice.^[@CIT0044]^ Human mutations in the gene encoding the γc or JAK3 causes X-linked severe combined immunodeficiency syndrome \[X-SCID\], a disease characterised by a decreased number and impaired function of T cells and natural killer cells, with preserved numbers of defective B cells.^[@CIT0045],[@CIT0046]^

TYK2-deficient mice are known to have an increased susceptibility to bacterial and viral infections.^[@CIT0047]^ Eight cases of human TYK2 deficiency have been described. The main clinical features of TYK2 deficiency in the first patient were severe atopic dermatitis and elevated serum immunoglobulin E, also known as hyper-immunoglobulin E syndrome \[HIES\].^[@CIT0048]^ All other patients suffered from intracellular bacterial and viral infections attributed to impaired IL12 and IFNα/β signalling, but no clinical signs of HIES were observed in these patients. All eight patients displayed impaired but not abolished cellular responses to IL23, with normal proportions of circulating IL17^+^ T cells. In addition, an impaired but not abolished response to IL10 was observed in all patients, without any clinical features of IBD.^[@CIT0049],[@CIT0050]^

The overlap in phenotypes described in mice and humans is important because it reflects the conserved nature of most JAK signalling pathways across species, and highlights the potential risk of treating IBD patients with non-selective JAK inhibitors. JAK1 and TYK2 inhibition could lead to an increased susceptibility to bacterial and viral infections, already demonstrated in clinical trials. JAK2 inhibition interferes with haematopoiesis and will likely result in low blood cell counts, whereas JAK3 inhibition could give rise to lymphopenia. Every JAK inhibitor is characterised by interference of all the four pathways to a variable degree. Evidently, more selective JAK inhibitors reducing signalling via one or two JAK family members only are a more attractive alternative option for pan-JAK inhibition and are currently being developed. The balance between anti-inflammatory effects and toxicity, however, needs to be carefully monitored and investigated for every individual compound.

5. Preclinical data: efficacy of pan-JAK inhibitors and selective JAK inhibitors {#s5}
================================================================================

In murine and human T cells, tofacitinib was shown to inhibit STAT phosphorylation induced both by cytokines signalling via the common gamma chain \[including IL2, -4, -7, -15, and -21\] and by non-gamma chain-dependent cytokines \[including IFNƳ, IL6, and IL12\]. As a result, tofacitinib blocks differentiation of Th1 and Th2 cells in murine cells.^[@CIT0034],[@CIT0051]^ In collagen-induced arthritis, a murine model for RA, oral administration of tofacitinib 50 mg/kg b.d. reduced plasma inflammatory cytokine concentrations within 4 h and reduced arthritis symptoms within 48 h.^[@CIT0034]^ For induction of Th17 cells, the data are less clear. Th17 cells induced in the presence of IL-23 are strongly inhibited upon addition of tofacitinib, whereas induction of Th17 in the absence of IL-23 is stimulated.^[@CIT0052]^ As a result, tofacitinib accelerated the onset of experimental autoimmune encephalitis, a murine model for multiple sclerosis, suggesting that the effects may differ between specific pathologies. Experience with tofacitinib in murine colitis is limited, but oral administration did prevent the development of oxazolone-induced colitis.^[@CIT0053]^

Filgotinib is a JAK inhibitor that was shown to be more JAK1-selective than tofacitinib and was investigated in a phase 2 trial for CD.^[@CIT0054]^ In vitro, filgotinib decreased transcriptional markers for human Th1 and Th2 polarisation and, albeit to a lesser extent, markers for Th17 polarisation. Furthermore, in a collagen-induced arthritis model, oral administration of filgotinib 3 mg/kg once daily for 14 days after onset of arthritis resulted in dose-dependent reduction of clinical scores and prevention of disease progression in rats.^[@CIT0055]^

Inhibition of JAK3 appears to be an attractive alternative for pan-JAK inhibition, as it mainly exerts its effector function in immune cells, thus limiting potential side effects. JANEX-1, a selective JAK3 inhibitor, was investigated in a trinitibenzene sulphonic acid \[TNBS\] colitis model, in which mice received 25 mg/kg of JANEX-1 intraperitoneally daily. JANEX-1 administration prevented TNBS-induced diarrhoea and wasting and reduced colon wall thickness and colon weight.^[@CIT0056]^ In contrast, a study investigating the course of 2.5% dextran sulphate sodium \[DSS\]-induced colitis in JAK3 knockout mice revealed earlier and more severe disease. However, loss of JAK3 in this model was constitutive, resulting in decreased enterocyte differentiation and aberrant barrier function. Consequently, animals were likely more sensitive to DSS-induced damage, explaining the accelerated course of disease. Targeted JAK3 inhibition in wild type mice after onset of DSS colitis has not been evaluated.^[@CIT0057]^

Interleukin 12 and 23, both signalling via JAK2-TYK2, play a central role in intestinal inflammation. Preclinical studies on TYK2 inhibition in colitis show contrasting results. In a DSS colitis model, TYK2 knockout mice displayed a slower onset of disease and less disease activity. In addition, TYK2 knockout mice were protected against a decrease in body weight, and colon shortening was not as severe as in TYK2 sufficient mice. In a TNBS colitis model, the mortality rate was 100% in the TYK2-sufficient mice, whereas the mortality rate of the TYK2 knockout mice was 50%.^[@CIT0058]^ Conversely, an independent study reported increased sensitivity to DSS in TYK2-deficient animals. In this study, this was attributed to a decrease in phosphorylation of STAT3 by IL22.^[@CIT0035]^ The explanation for these contrasting data is not clear, but may be related to the difference in genetic background \[C57Bl/6 vs Balb/c animals\] or differences in microbiological status between the two institutes. Data on pharmacological TYK2 inhibition in colitis models are not available to date.

6. JAK inhibitors in IBD: where are we? {#s6}
=======================================

6.1. Tofacitinib in CD {#s7}
----------------------

Tofacitinib was investigated in a phase 2a trial including 139 patients with moderately to severely active Crohn's disease, defined as a Crohn's Disease Activity Index \[CDAI\] of 220--450. ^[@CIT0059]^ Three different doses of tofacitinib were given for 4 weeks. The primary endpoint, a decrease in CDAI by 70 points, was observed in 36.1% \[*p* = 0.467\], 57.6% \[*p* = 0.466\], and 45.7% at 1, 3, and 15 mg tofacitinib b.d. vs in 47.1% of the patients receiving placebo \[*p* = \> 0.1\].^[@CIT0060]^ The placebo response and remission rates were unexpectedly high, possibly due to the lack of stringent inclusion criteria for active disease such as the presence of endoscopic ulcerations. However, patients receiving 15 mg b.d. had evidence of a biochemical response as shown by a stronger decrease in serum C-reactive protein \[CRP\], mean change from baseline in tofacitinib-treated patients -0.93 mg/l (95% confidence interval \[CI\] -1.53 to -0.33) vs -0.07 mg/l \[95% CI -0.43 to 0.28) in the placebo group and in faecal calprotectin -0.70 mg/l \[95% CI -1.11 to −0.29\] in tofacitinib-treated vs -0.08 mg/l \[95% CI -0.38 to 0.55\] in placebo.

In a more recent phase 2b induction study, the efficacy of tofacitinib 5 and 10 mg b.d. for 8 weeks was evaluated in 280 patients with moderately to severely active CD.^[@CIT0061]^ The observed proportions of patients in remission \[CDAI \< 150\] were 43.0% and 43.5% for the 10 and 5 mg doses, respectively, vs 36.7% of patients in the placebo group. The proportions of patients with a decrease in CDAI by 100 points at Week 8 were 14--16% higher for tofacitinib 5 and 10 mg b.d. vs placebo. A mean change from baseline CRP of -0.42 and -0.73 mglL was observed for the 5 and 10 mg doses, whereas in the placebo group CRP increased from baseline with 0.12 mg/l. Faecal calprotectin levels were reduced from baseline, but not statistically significantly.

This phase 2b study then re-randomised patients who achieved a CDAI drop of at least 100 points at Week 8 in order to investigate the effects of maintenance therapy.^[@CIT0062]^ Tofacitinib 5 or 10 mg b.d. or placebo b.d. was studied in 180 patients \[CDAI ≥ 220 to ≤ 450 at the time of re-randomisation\] for 26 weeks. Clinical response and remission rates with 5 or 10 mg of tofacitinib b.d. were higher for the 10 mg b.d. treatment arm, but this was not statistically superior to placebo \[39.5% and 55.8% vs 38.1%, respectively\]. Further development of tofacitinib in CD has been discontinued, although higher doses, better patient selection, and longer induction treatment may have led to better results.

6.2. JAK1 selective inhibition in CD {#s8}
------------------------------------

Whereas tofacitinib inhibits cytokines signalling via all JAK family members, filgotinib selectively targets the JAK1 signalling. Filgotinib was investigated in a 20-week phase 2 study \[FITZROY\] in 174 patients with moderate to severe CD, defined by a CDAI of 220--450 and endoscopic evidence of disease.^[@CIT0054]^ Both anti-TNF naive and exposed patients were included in this study. Patients were randomised to receive either 200 mg or placebo daily for up to 10 weeks. Based on the Week 10 response, patients continued use of filgotinib \[200 or 100 mg\] or placebo for an additional 10 weeks. The primary endpoint, clinical remission at Week 10 \[CDAI \< 150\], was achieved in 47% of patients in the filgotinib arm vs 23% in the placebo arm \[*p* = 0.0077\]. In patients treated with filgotinib, a significant decrease in histopathology scores was observed, as compared with patients treated with placebo \[*p* = 0.0359\]. Quality of life as measured by the Inflammatory Bowel Disease Questionnaire \[IBDQ\] improved in the treatment arm \[*p* = 0.0046\]. Normalisation of CRP \[\< 8 mg/l\] was observed in a greater proportion of patients on filgotinib \[27%\] than in patients on placebo \[14%\]. In addition, in 25% of the patients receiving filgotinib vs 14% of the patients on placebo, the Simple Endoscopic Score for Crohn's Disease \[SES-CD\] improved by at least 50%, although statistical significance was not reached \[*p* \> 0.16\].Similar incidences in early discontinuations and \[serious\] adverse events \[SAEs\] including infections were observed, with the majority of the SAEs related to worsening of Crohn's disease. The efficacy of a second JAK1 selective inhibitor \[ABT-494, AbbVie\] is currently being investigated in a phase 2 study for the treatment of CD. An overview of non-selective and selective JAK inhibitors investigated in CD is indicated in [Table 1](#T1){ref-type="table"}. Despite the disappointing results of tofacitinib in the treatment of CD, JAK 1 selective inhibitors appear to hold promise.

###### 

Janus kinase inhibitors in development for Crohn's disease.

  Crohn's disease                                                                                                                     
  ----------------- ------------- ---------------------------- ------------------- ------------------------ ------------- ----------- --------------------------------
  NCT00615199       2008 \[1\]    Tofacitinib \[CP-690,550\]   Pfizer              JAK1, JAK2, JAK3, TYK2   Safety        4 weeks     Phase 2, completed
  NCT01393626       2011 \[10\]   Tofacitinib \[CP-690,550\]   Pfizer              JAK1, JAK2, JAK3, TYK2   Induction     8 weeks     Phase 2, completed
  NCT01393899       2012 \[3\]    Tofacitinib \[CP-690,550\]   Pfizer              JAK1, JAK2, JAK3, TYK2   Maintenance   26 weeks    Phase 2, completed
  NCT01470599       2012 \[4\]    Tofacitinib \[CP-690,550\]   Pfizer              JAK1, JAK2, JAK3, TYK2   Open-label    52 weeks    Phase 2, completed
  NCT02048618       2014 \[2\]    Filgotinib \[GLPG0634\]      Galapagos, AbbVie   JAK1                     Safety        20 weeks    Phase 2, completed
  NCT02365649       2015 \[3\]    ABT-494                      AbbVie              JAK1                     Induction     16 weeks    Phase2, active, not recruiting
  NCT02782663       2016 \[5\]    ABT-494                      AbbVie              JAK1                     Long-term     24 months   Phase 2, completed

6.3. Tofacitinib in UC {#s9}
----------------------

A first phase 2 trial with tofacitinib was conducted in 194 patients with moderate to severe UC in whom conventional therapy had failed.^[@CIT0063]^ Tofacitinib was given b.d. at doses of 0.5, 3, 10, or 15 mg for 8 weeks. Clinical response was defined as a decrease in the MAYO score of at least three points and a relative decrease by at least 30% accompanied by a decrease in rectal bleeding subscore of at least one point or an absolute rectal bleeding subscore of 0 or 1. This endpoint was reached in 32% \[*p* = 0.39\], 48% \[*p* = 0.55\], 61% \[*p* = 0.10\], and 78% \[*p* \< 0.001\] of patients on the 0.5, 3, 10 and 15 mg dose, respectively, vs 42% of patients on placebo. Clinical remission, defined as a total Mayo score of 0--2 with no subscore exceeding 1, was observed in 13% \[*p* = 0.76\], 33% \[*p* = 0.01\], 48% \[*p* = \< 0.001, and 41% \[*p* = \< 0.001\] of patients receiving 0.5, 3, 10, and 15 mg b.d., respectively, compared with 10% of the patients receiving placebo. Endoscopic remission, stringently defined as an endoscopic subscore of 0, was observed in 10% \[*p* = 0.14\], 18% \[*p* = 0.01\], 30% \[*p* \< 0.001\], and 27% \[*p* = \< 0.001\] of patients receiving 3, 10, and 15 mg b.d., respectively, and in 2% in the placebo arm. Both the 10-mg and 15-mg dose decreased baseline calprotectin levels significantly after eight weeks of treatment.^[@CIT0063]^

The OCTAVE 1 and OCTAVE 2 induction studies were two identical phase 3 studies in which patients with moderate to severe UC received tofacitinib 10 mg b.d. or placebo for 8 weeks.^[@CIT0012]^ Initially, a higher dose of 15 mg b.d. was also studied, but this dose arm was discontinued early in the course of the trial as a corporate decision due to safety concerns including hyperlipidaemia and viral infections. In the OCTAVE 1 induction study, 598 patients were included, all of whom failed one or more previous treatments. The primary endpoint, remission at Week 8, was achieved in 18.5% of patients receiving tofacitinib vs 8.2% receiving placebo \[*p* = \< 0.01\]. Mucosal healing \[Mayo endoscopic subscore ≤ 1\] was observed in 31.3% of patients receiving tofacitinib vs 15.6% of patients receiving placebo \[*p* = \< 0.001\]. Clinical response, defined in the same way as in the phase 2 studies, was achieved in 59.9% of patients receiving tofacitinib vs 32.8% in the placebo group \[*p* = \< 0.001\]. The treatment effect of tofacitinib 10 mg b.d. was similar between anti-TNF naïve and anti-TNF exposed patients. In the OCTAVE 2 induction study, 541 patients were included, of whom 55% had been exposed to anti-TNF previously. Clinical remission was observed in 16.6% of patients receiving tofacitinib vs 3.6% in the placebo group \[*p* = \< 0.001\]. Mucosal healing was achieved in 28.4% of patients in the tofacitinib group vs 11.16% in the placebo arm \[*p* = \< 0.001\], whereas clinical response was obtained in 55.0% vs 28.6% \[*p* = \< 0.001\]. As in the OCTAVE 1 study, the efficacy in anti-TNF experienced patients and in anti-TNF naive patients was similar.

6.4. JAK1 selective inhibition in UC {#s10}
------------------------------------

Two selective JAK inhibitors targeting JAK1 have been investigated in UC patients. The study investigating an oral JAK1 selective inhibitor GSK25856184 was terminated at an early stage due to reports of liver toxicity in patients treated with this agent for systemic lupus erythematosus.^[@CIT0064]^ GSK2586184 was administered at 400 mg b.d. to two patients with moderate to severely active UC for 7 and 2 weeks, respectively. The Total Mayo score decreased from 7 and 11 to 3 in both patients with mucosal healing at early withdrawal sigmoidoscopy. The agent was well tolerated by these two UC patients. A second JAK1 inhibitor, JNJ-54781532 \[ASPK015K\] developed by Janssen, was investigated in a phase 2b trial in UC, but the results have not yet been released \[NCT01959282\]. An overview of non-selective and selective JAK inhibitors investigated in UC is presented in [Table 2](#T2){ref-type="table"}. Further clinical data are needed before the real potential of JAK1 inhibition for UC can be assessed.

###### 

Janus kinase inhibitors in development for ulcerative colitis.

  Ulcerative colitis                                                                                                                 
  -------------------- ------------- ---------------------------- ---------------- ------------------------ ------------- ---------- ---------------------
  NCT00787202          2008 \[10\]   Tofacitinib \[CP-690,550\]   Pfizer           JAK1, JAK2, JAK3, TYK2   Safety        8 weeks    Phase 2, completed
  NCT01465763          2012 \[4\]    Tofacitinib \[CP-690,550\]   Pfizer           JAK1, JAK2, JAK3, TYK2   Induction     8 weeks    Phase 3, completed
  NCT01458951          2012 \[6\]    Tofacitinib \[CP-690,550\]   Pfizer           JAK1, JAK2, JAK3, TYK2   Induction     8 weeks    Phase 3, completed
  NCT01458574          2012 \[7\]    Tofacitinib \[CP-690,550\]   Pfizer           JAK1, JAK2, JAK3, TYK2   Maintenance   52 weeks   Phase 3, completed
  NCT01470612          2012 \[10\]   Tofacitinib \[CP-690,550\]   Pfizer           JAK1, JAK2, JAK3, TYK2   Long-term     52 weeks   Phase 3, recruiting
  NCT02000453          2013 \[11\]   GSK2586184                   Galapagos, GSK   JAK1                     Induction     8 weeks    Phase 1, terminated
  NCT01959282          2013 \[11\]   JNJ-54781532                 Janssen          JAK3/JAK1                Safety        8 weeks    Phase 2b, completed
  NCT02819635          2016 \[9\]    ABT-494                      AbbVie           JAK1                     Induction     8 weeks    Phase 2, recruiting
  NCT02819635          2016 \[9\]    ABT-494                      AbbVie           JAK1                     Maintenance   44 weeks   Phase 2, recruiting

7. Safety of JAK inhibitors {#s11}
===========================

7.1. Safety of tofacitinib {#s12}
--------------------------

Most safety data on tofacitinib are derived from randomised controlled trials \[RCTs\] conducted in patients with rheumatoid arthritis. A systematic review and meta-analysis assessed incidence rates of serious infections in patients with moderate to severe RA treated with biologic disease-modifying antirheumatic drugs \[DMARDs\] or with tofacitinib. Tofacitinib data were collected from five phase 2 RCTs, six phase 3 RCTs, and two long-term extension studies, only including the 5- and 10-mg b.d. doses. For infliximab, adalimumab, and golimumab, the incidence rates for serious infections were 6.11, 5.04, and 5.31 events per 100 patient-years, respectively, compared with 3.00 events per 100 patient-years for tofacitinib 10 mg b.d. For the long-term extension studies \[10 mg b.d.\], the incidence rate of serious infections was 3.19 patients with events per 100 patient-years. Risk differences for serious infections during treatment with biologic DMARDs and tofacitinib vs placebo across RCTs were 0.52, 1.16, and 0.68 \[95% CI\] for infliximab, adalimumab and golimumab, respectively, vs 0.40 \[95% CI\] for the patients receiving tofacitinib 10 mg b.d.^[@CIT0065]^ In the phase 3 and open-label long-term extension \[LTE\] tofacitinib studies in RA, the incidence rate for opportunistic infections was 0.46 per 100 patient-years \[95% CI\]. Tuberculosis was the most common infection \[0.21 per 100 patient-years\] during tofacitinib treatment, but was rare in regions with low and medium incidence of tuberculosis.^[@CIT0066]^

In the OCTAVE 1 and OCTAVE 2 induction studies, headache and nasopharyngitis were the most common adverse events observed. In these studies, serious infections were observed in 1.3% and 0.2% of the patients receiving tofacitinib vs no serious infections in the placebo groups. These serious infections included pneumonia, anal abscess, and *Clostridium difficile* infection. Herpes zoster occurred in 0.6% and 0.5% in the OCTAVE 1 and OCTAVE 2 studies vs 0.8% and 0.0% in both placebo groups.^[@CIT0012]^ In the most recent maintenance study in CD, higher rates of infections were observed in 48.3% and 44.5% of the patients on the 5- and 10-mg b.d. dose, respectively, vs 33.9% of patients on placebo. Two cases of non-serious herpes zoster occurred in the 10-mg b.d. arm and one intestinal perforation in the 5-mg b.d. arm.^[@CIT0062]^ Inhibition of multiple JAK proteins by tofacitinib appears to induce immune suppression, and it remains to be clarified what the effect on cytokine signalling is when only a single JAK protein is targeted.

An important observation in the IBD and RA trials was the increase in the serum lipid levels. In the phase 2a CD trial, an increase from baseline in mean total cholesterol, high-density lipoprotein \[HDL\], and low-density lipoprotein \[LDL\] was observed in patients receiving 5 mg and 15 mg b.d. Triglyceride levels also increased in patients receiving 5 mg b.d.^[@CIT0059]^ In the phase 2 UC trial, a dose-dependent increases of HDL and LDL were observed at 8 weeks of treatment. However, this was reversed after discontinuation, consistent with observations regarding serum cholesterol levels as seen in RA trials.^[@CIT0063]^ Exposure to filgotinib 200 mg resulted in an increase of mean HDL and LDL by respectively 11% and 12% at 20 weeks, whereas in patients receiving placebo only an LDL increase was observed, resulting in an improved atherogenic index.^[@CIT0054]^ Patients with RA have lower serum HDL, LDL, and total cholesterol levels in comparison with healthy individuals, possibly driven by an increased cholesterol ester metabolism. In a phase I open-label-mechanistic study, patients with RA received tofacitinib 10 mg b.d. for 6 weeks. Tofacitinib treatment attenuated the cholesterol ester catabolism, increasing cholesterol levels towards those in healthy individuals.^[@CIT0067]^ Similar changes in lipid levels were observed in an RA trial, in which patients received an IL6 receptor antagonist, tocilizumab, suggesting that IL6 signalling might play a role in the alteration of serum lipid levels.^[@CIT0068]^

Since tofacitinib inhibits erythropoietin and GM-CSF signalling mediated via JAK2 in vitro, concerns were raised regarding the induction of anaemia, neutropenia, and thromboctyopenia.^[@CIT0069]^ This problem did not occur in the phase 2 CD trial.^[@CIT0059]^ In the phase 2 UC trial, absolute neutrophil counts dropped below 1.5\*10^9^ cells/l in three patients, although never below 1\*10^9^ cells/l.^[@CIT0063]^ In Pfizer's summary safety data presented to the FDA,^[@CIT0070]^ LTE studies of RA patients who had received tofacitinib describe most cases of neutropenia as being mild. In patients who received 5 mg b.d., 4.2% of 1220 patients had an absolute neutrophil count between 1.5\*10^9^ cells/l and 2\*10^9^ cells/l. In the 10-mg b.d. group, this was observed in 1.9% of 1900 patients. This difference was likely due to longer exposure to the study drug in the 5-mg group. There was no association between the occurrence of serious infections and low neutrophil counts in patients treated with tofacitinib in phase 3 and LTE studies. Most cases of anaemia in the LTE studies were mild. Confirmed anaemia was observed in 8.2% of 1900 RA patients who had received 10 mg b.d. In patients who had received 5 mg b.d., 12.4% of 1319 RA patients had confirmed anaemia. Most cases of lymphopenia in the LTE studies were moderate to severe. A lymphocyte count between 0.5 and 1.5\*10^9^ cells/l was observed in 60.2% of 732 patients who had received the 5-mg b.d. dose. In the 10-mg b.d. group, 30.6% of 1258 patients had a moderate to severe lymphopenia during treatment with tofacitinib. There was no observable association between confirmed lymphopenia with lymphocyte levels between 0.5 and 2\*10^9^ cells/l and the occurrence of serious infections. Of note, no data are available on patients concomitantly using azathioprine or 6-mercaptopurine, and this combination appears undesirable at present.

Pfizer's safety report on the use of tofacitinib states a slight increase in the incidence of malignancies. In Phase 3 and LTE studies, of 4791 RA patients treated with tofacitinib, 65 were diagnosed with a malignancy. Most commonly reported were lymphoma, breast cancer, and lung cancer, similar to data reported in RA trials using anti-TNF agents or immune modulators. The report indicated an estimated risk for lymphoma of 0.07 per 100 patient-years.

7.2. Safety of selective JAK inhibitors {#s13}
---------------------------------------

In the FITZROY study, similar incidences of infectious adverse events were observed in the CD patients receiving the JAK1 selective inhibitor filgotinib vs the patients receiving placebo in the first 10 weeks. Serious infections were reported in four out of 152 (3%) patients treated with filgotinib up to week 20 vs none in the placebo group. Early discontinuations and SAEs were similar in treated patients vs patients receiving placebo.^[@CIT0054]^ The only safety data available on JAK1 selective inhibition in UC indicated that GSK2586184 was well tolerated in two patients.^[@CIT0064]^

8. Future prospects {#s14}
===================

Targeting the JAK-STAT pathway, and thus inhibiting signalling of multiple cytokines, appears to have great potential for the treatment of IBD. The main advantages of these agents are that they are orally delivered small molecules, without a risk of immunogenicity. In CD, treatment with tofacitinib showed limited clinical efficacy in both phase 2 trials. Possibly the trial designs were suboptimal with a short duration of treatment and no selection of patients based on endoscopy. Of note, dose-related decreases in serum CRP and faecal calprotectin in actively treated patients suggested a biological treatment effect.^[@CIT0059],[@CIT0061]^ Unfortunately, and partly due to the lack of endoscopic endpoints in the trials, firm conclusions on the efficacy of tofacitinib in CD remain impossible.

Some limitations of the pan-JAK inhibitor tofacitinib \[such as broad immune suppression\] may be overcome by a more specific blockade of a single JAK. One of the agents selectively blocking JAK1 is filgotinib. In the FITROY study, CD patients were included using clinical and endoscopic endpoints. The results showed that treatment with filgotinib improved SES-CD scores by at least 50% in a larger proportion of treated patients than in patients on placebo. Only one dose of filgotinib was tested \[200 mg/day\] so it remains somewhat unclear whether the optimal dose has been selected at this point.^[@CIT0054]^ The results of ABT-494, a second JAK1 selective inhibitor investigated in CD, are eagerly awaited \[NCT02365649\].

In UC, tofacitinib was more effective than placebo in inducing clinical and endoscopic response and remission after 8 weeks of treatment.^[@CIT0012],[@CIT0063]^ Interestingly, in both phase 3 trials efficacy was similar in anti-TNF naïve patients compared with patients that had previously failed TNF inhibitors Also, all patients had failed conventional therapy and half of the patients were using corticosteroids at baseline, indicating the potential of tofacitinib in the treatment of severe UC. Conventional immunosuppression was stopped when patients entered the trial, which means that tofacitinib can be used as single treatment in this population.

The question arises as to where tofacitinib will eventually find its place in the therapeutic armamentarium of UC, given the safety and efficacy of aminosalicylates. It is unlikely that tofacitinib will replace this class as first-line therapy for active UC. After aminosalicylates, most patients currently receive corticosteroids. Tofacitinib could be a treatment option for patients who need corticosteroids, either intermittently or chronically, and perhaps replace thiopurines which are currently being used for this indication without much clinical trial evidence. Notably, the clinical effect of tofacitinib becomes apparent in the first 2 weeks of treatment, whereas thiopurines usually need more than 8 weeks to exert their effect. Whether tofacitinib will finally end up as second-line agent for ulcerative colitis also depends on the outcome of ongoing phase 3 trials with the S1P1 inhibitor ozanimod, yet another oral agent with potential for second-line treatment of UC.^[@CIT0071]^ Based on the trial data, tofacitinib is equally effective in biological-exposed as in biological-naïve patients. As a consequence, even after failure of these agents tofacitinib remains an attractive treatment alternative.

Much of the positioning will eventually also depend on the safety profile of the JAK inhibitors. Since opportunistic infections have been observed, it appears desirable that the drugs be used without other concomitant immunosuppressives and that corticosteroids be weaned as soon as clinically possible. The atherogenic risk associated with elevation of cholesterol levels will need further study. Finally, the safety of long-term use will need to be assessed in follow-up studies and safety registries.
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